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Capillary zone electrophoresis coupled to continuous flow-fast atom bombardment mass 
spectrometry is shown to have utility for the detection and characterization of adducts 
formed by the covalent attachment of four polyaromatic hydrocarbon @‘AH) and amino-PAH 
compounds to deoxyguanosine. Normal scanning provided structural information for a 1.3 
ng injection of a model adduct, while 1.3 ng of each of a mixture of adducts was sufficient to 
determine their molecular weights by monitoring the constant neutral loss of deoxyribose. 
Exploitation of this loss in the multiple reaction monitorin mode resulted in the detection of 
low picogram amounts of target adducts in mixtures. ] Am Sot Mass Spectrom 1992, 3, ? 
757-761) 
D NA adducts are formed by the covalent attach- ment of xenobiotic species to the base, sugar, or phosphate portions of the DNA molecule 
and are widely believed to play a role in the process of 
carcinogenesis. Various polycyclic aromatic hydrocar- 
bons have been targeted as compounds which, once 
metabolized, possess the ability to bind to DNA. The 
techniques normally employed to characterize these 
species at physiologically significant levels, including 
32P-postlabeling [l, 23, immunoassay [3, 41, and fluo- 
rescence spectroscopy 15, 61, are generally not able to 
provide pertinent structural information for identifica- 
tion of unknowns. Although the application of mass 
spectrometry to the structural analysis and detection of 
polyaromatic hydrocarbon @‘AH)-DNA adducts has 
been somewhat limited, notable contributions to this 
field of study have been made by a number of groups 
[7-181. However, except in a few cases [K-14], little 
attempt has been made to develop mass spectrometric 
techniques for the characterization of nanogram or 
lower amounts of the intact PAH adducts. 
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Polycyclic aromatic hydrocarbons are ubiquitous in 
the environment and arise from various sources 
including industrial processes and incomplete combus- 
tion of such organics as fossil fuels, foods, and tobacco. 
Once human or animal exposure to these species has 
occurred, some form of metabolic activation generally 
converts these PAHs to reactive electropbiles which 
are able to bind to DNA [19]. In cases where adduct 
formation is studied via in vitro reactions of car&e 
gen metabolites with DNA or via in vivo studies in 
which animals are dosed with carcinogens, methods 
which provide for the separation and identification of 
a limited number of adducts at the level of one adduct 
in 103-lo7 normal nucleotides are required. When 
adducts in human tissues are studied [ZO], the analysis 
may be more difficult as complex mixtures of adducts 
may be present at very low levels (e.g., one adduct in 
10a-lO’o normal nucleotides). 
Continuous flow-fast atom bombardment (CF-FAB) 
has proven to be a useful technique for the low-level 
detection of FAB-amenable analytes and has been 
found to lend itself well to interfacing with various 
separation methods [21-231. With regard to the combi- 
nation of capillary zone electrophoresis (CZE) with 
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CF-FAB, excellent performance has been realized for 
both liquid junction [24, 251 and coaxial flow [26, 271 
interfaces. 
Recently, flow injection CF-FAB was applied to the 
characterization of deoxynucleoside adducts, with 
encouraging results [28]. In addition, a CZE method 
has been developed for the separation and trace level 
UV detection of DNA adducts isolated from in vitro 
reaction mixtures [29]. We have explored the utility of 
CZE coupled with CF-FAB triple quadrupole mass 
spectrometry for the characterization of DNA adducts 
with the ultimate goal of analyzing for these com- 
pounds in biological matrices. 
Experimental 
Chemicals. The structures of the four adducts used 
in this study are shown in Figure 1. N-acetyl-N- 
(deoxyguanosin-8-y&2-aminofluorene was prepared 
according to the method of Heflich et al. [30, and 
references therein]. N2-(anthracen-9-ylmethyl)-deoxy- 
guanosine was prepared [31] and donated by Dr. L. 
W. McLaughlin (Boston College). Nddeoxyguanosin- 
S-yl)-2-aminofluorene and N-(deoxyguanosin-8-y&4- 
aminobiphenyl were donated by Dr. Frederick Eeland 
(National Center for Toxicological Research). All sol- 
vents were high performance liquid chromatography 
grade and were purchased from J. T. Baker (Medford, 
MA) or Fisher (Medford, MA), except for water, which 
was prepared by the deionization and UV irradiation 
of house distilled water using a Sybron/Barnstead 
combined Nanopure II/Organicpure (Boston, MA) 
system. Glycerol (99.9%) was purchased from 
J. T. Baker. High performance liquid chromatography 
grade ammonium acetate, ammonium hydroxide, and 
acetic acid were obtained from Fisher. The acety- 
laminofluorene and methylanthracene adducts were 
weighed out on a microbalance and dissolved in 
methanol, while the aminobiphenyl adduct concentra- 
tion in methanol was determined by UV absorbance at 
305 nm [32]. The aminofluorene adduct solutions used 
were old and therefore the adduct amounts reported 
for the various analyses represent estimated values. 
Instrumentation and Conditions. The CZE system 
employed a power supply manufactured by Classman 
High Voltage, Inc. (Whitehouse Station, NJ) and was 
adjustable up to 30 kV. Separations were carried out at 
20 kV (14 PA) employing a 70 cm X 75 pm i.d. poly- 
imide-coated fused silica capillary purchased from 
Polymicro Technologies (Phoenix, AZ). The CZE buffer 
consisted of a 0.01 M solution of NH,OAc in water 
adjusted to pH 9.5 with NH,OH. The buffer solution 
was degassed by sonication under vacuum and was 
filtered daily by using a luer lok 10 ml B-D syringe 
fitted with a 0.2 /~.rn Gelman Acrodisc CR disposable 
filter cartridge obtained from Fisher. Injections were 
made by gravity siphoning of the sample solution into 
the CZE capillary by raising the anode end of the 
capillary to a level 5 cm higher than the cathode end. 
The amount sampled into the capillary was deter- 
mined by allowing an aliquot of CZE buffer to be 
siphoned for - 30 minutes and then subtracting the 
weight of the sample vial after siphoning from that 
measured initially. Taking the buffer density to be 1 
pg/nL and assuming that the volume of the buffer 
would equal the amount of sample solution siphoned 
per unit time gave the sample injection volume. The 
amount of buffer siphoned per unit time was found to 
be 28.9 nL/min (SD = 2.6, n = 3) and 5-second siphons 
were used for all sample injections. 
A VG Quattro triple quadrupole mass spectrometer 
(VG Instruments, Manchester, UK), outfitted with a 
cesium ion gun operated at 9 kV, was employed for all 
mass spectrometric analyses. Full scan spectra were 
acquired over the m/z 100-600 range at a rate of 1 
s/scan, while constant neutral loss (CNL) spectra were 
acquired over the m/z 250@600 range at 2.5 s/scan. 
Multiple reaction monitoring (MRM) studies, employ- 
ing a peak top dwell time of 1 s/reaction, were con- 
ducted by sequentially monitoring the loss of 
deoxyribose (116 u) from the MHf of each of the four 
adducts in the mixture. For the CNL and MRM analy- 
ses, a collision energy of 70 eV was employed and 
argon was used as the collision gas. The collision gas 
pressure was adjusted to a level sufficient to attenuate 
the m/z 373 (aglycone) ion of the acetylaminofluorene 
adduct to 30%. The dynamic FAB matrix, which con- 
sisted of 1% glycerol, 5% acetonitrile, and 19% 
methanol in water, was delivered to the mass spec- 
trometer through the CF-FAB probe via a 45 cm X 
50 pm i.d. polyimide-coated fused silica capillary ob- 
tained from Polymicro Technologies. The CF-FAB SO- 
lution was degassed and filtered in the same fashion as 
that employed for the CZE buffer. 
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Capillary Zone Electrophoresis/Mass Spectrometry Inter- 
f ace. The interface used for this work is pictured in 
Figure 2. WhiIe it is similar in certain respects to liquid 
junction interfaces previously described in the litera- 
ture (for a review of advances in this field, see [23], 
chapter 6, and references therein), it contains several 
unique features. First, two l/B” Nalgene tees (Plain- 
field, NJ) were employed in an attempt to keep bub- 
bles which form at the cathode from entering the mass 
spectrometer. Second, a 20-uL thick walled glass blood 
capillary, flame drawn to a suitable i.d., joined the two 
tees and provided a snug alignment for the CZE and 
CF-FAB capillaries. The i.d. of the glass capillary was 
just wide enough to allow for the free flow of CF-FAB 
solution around the CZE capillary which was then 
vacuum drawn (along with the CZE eluent) at - 2 
uL/min into the mass spectrometer. The CF-FAB ma- 
trix solution was contained in a reservoir mounted at a 
height just above the level of the interface to allow a 
low gravity-induced flow to continually replenish the 
supply of CF-FAB matrix solution in the interface. The 
cathode tee was left unsealed on the CF-FAB capillary 
end to avoid pressure build-up in the interface. Fit- 
tings were made of small pieces of tubing and Eppen- 
dorf pipet tips. 
Results and Discussion 
In the structural characterization of deoxynucleoside 
adducts several types of information are sought, 
including the identities of the deoxynucleoside and the 
carcinogen and their point of covalent attachment. 
When analyzing adducts formed in vivo, the 
metabolism of the carcinogen prior to adduction to the 
nucleic acid constituents will be important to establish. 
For in vivo reactions and reactions of carcinogen 
metabolites with DNA in vitro, sample preparation 
techniques may give rise to anomalous adducts which 
require characterization. For example, several reports 
have discussed unexpected adduct products, including 
those resulting from the imidazole ring opening of 
deoxyguanosine adducts in alkaline media [331, oxida- 
Figure 2. The CZE CF-FAB mass spectrometry system. Certain 
portions of the system are not drawn to scale with regard to one 
another. 
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tion of the adenine portion of adenosine adducts possi- 
bly due to the presence of deaminase impurities in 
alkaline phosphatase [341, and the incomplete diges- 
tion of adducted nucleotides 1351. The results below 
illustrate the manner in which a routine separation/ 
mass spectrometry method for the identification/ 
detection of adducts at the nanogram to picogram 
level is able to contribute to this field of research. 
Figure 3a shows the CZE/UV electropherogram 
obtained when a 1.3 ng injection of the acetyl- 
aminofluorene adduct was made. The mass chro- 
matogram of m/z 373 is given in the inset. In both 
cases, the w~,~ was approximately 8 seconds. It was 
typically found that the interface made a minimal 
contribution to band broadening, although significant 
tailing of peaks (possibly occurring at the CF-FAB 
probe tip) was often observed. It is not clear why the 
broadening due to the interface was not more severe. 
Because this efficiency was considered suitable given 
the scan rate of the mass spectrometer (especially for 
the acquisition of collision-induced dissociation data 
b 
Figure 3. (a) CZE-UV electropherogram obtained for a 1.3 ng 
injection of the acetylaminofluorene adduct. W detection at 
279 mn. Inset: Ion trace of m/z 373 for a 1.3 ng injection of the 
adduct through the interface. 0.01 M NH,OAc buffer adjusted to 
pH 9.5 with NH,OH. (b) The full scan spectrum obtained from 
summation of the most intense scans across the peak with back- 
ground subtraction. 
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where 1 s/l50 mass-to-charge ratio units was required 
for the collection of continuum data), no further 
attempt was made to optimize the interface. Figure 3b 
shows the full scan spectrum obtained from the sum- 
mation of the most intense scans across the nz/z 373 
peak in Figure 3a with background subtraction. The 
spectrum shows the characteristic MH+ and AH; (loss 
of deoxyribose) ions as well as ions due to the loss of 
the acetyl group from these species ( m/z 446/447 and 
330/331, respectively). 
Ions appearing in the m/f 150-225 range provide 
information about the PAH and deoxynucleoside iden- 
tities and about their site of covalent linkage. Because 
spectral summation and background subtraction for 
low-intensity ions sometimes gives rise to artifacts in 
the spectrum, reconstructed mass chromatograms were 
used to verify the presence of ions in the rw/z 150-225 
range. Analyte-related ions which were confirmed by 
these traces were m/r 152, 165, 180, 206, and 224; their 
assignment has been discussed in detail previously 
[121. Briefly, t?~/z 224 corresponds to the protonated 
acetylaminofluorene species while rr~,/z 165 and 180 
represent fragments thereof, while m/z 152 likely cor- 
responds to protonated guanine. The ion appearing at 
m/z 206 arises from cleavage through the imidazole 
ring of guanine to give a fragment consisting of 
aminofluorene plus CN from the guanine base. This 
ion is significant in that it suggests the purine imida- 
zole ring as the site at which acetylaminofluorene is 
adductcd to the dcoxyguanosine. 
Figure 4 shows that constant neutral loss scanning 
of 116 u, corresponding to the loss of deoxyribose, 
provides strong signals for the MH* ions of 1.3 ng 
each of the four adducts injected as a mixture. Figure 
4a shows the constant neutral loss spectrum which 
results from summation of the entire set of scans 
acquired in the CZE/MS run. The data were acquired 
in continuum mode and the summed spectra were 
smoothed and ccntroided. This technique constitutes a 
Figure 4. (a) The CNL spectrum which resulted from the sum- 
mation of the entire set of continuum SWJIS acauired in the 
CZE/CF-FAB ma55 spectrometry run followed by smoothing 
and centroiding. (b) Traces of the MH’ specks of thr four 
adducts present in the synthetic mixture as identified by constant 
neutral loss scanning of the loss of deoxyrihose (116 U) from 
MH+. 1.3 q of each adduct was i+cted. 0.01 M NH,OAc buffer 
adjusted to pH 9.5 with NH,OII. 
powerful method for providing molecular weight in- 
formation for adducts and for screening for normal 
deoxynucleosides and deoxynucleoside adducts in 
mixtures. Once the summation spectrum has targeted 
possible adduct molecular weights, tracing of these 
ions will eliminate the potential misinterpretation of a 
sibmal resulting from an interfering background ion or 
an adduct that gives rise to more than one loss. For 
instance, in addition to the four MH+ species, the 
[M-CH,CO]H ’ ion of the acetylaminofluorene adduct 
also gives a loss of 116 u. Other types of neutral losses 
may also be useful for the detection of various types of 
adducts. For example, the methylanthracene adduct 
gives a very strong m/z 191 signal, corresponding to 
[anthracene-CH,] ’ in its normal scan spectrum. This 
fragment represents a loss of the deoxynucleoside from 
the MHC ion, which may be a useful transition to 
monitor for this class of adducts. 
Multiple reaction monitoring of the loss of deoxyri- 
bose from DNA adducts provides a useful method for 
the low-level detection of target adducts. Figure 5 
shows the sequential monitoring of the loss of deoxyri- 
bose from the protonated molecular species of 63 pg of 
each of four adducts. In this case, a pH 3.7 buffer was 
used and was found to provide a good separation of 
the C8 adducts. This is presumably due to the fact 
that, at the lower pH, separability was based upon 
proton&ion at the N7 position (pK, = 3.3 in de- 
oxyguanosine), which for adducts of similar size and 
co&position provided an enhanced selectivity over 
separations carried out at pH 9.5 (corresponding to 
dissociation at Nl, pK, = 9.4 in deoxyguanosine). The 
acquisition was started 3 minutes after mixture injec- 
tion. 
The CZE conditions employed for this study were 
initially developed for the separation of DNA adducts 
from unmodified nucleosides and nucleotides, salts, 
proteins, and other impurities which might be present 
in a biological system [29]. As adduct standards are 
not widely available for the development of analytical 
methodology, we anticipate that fine tuning of the 
CZE conditions will be required for each future system 
studied. 
Figure 5. Trdces of the four MRM signals arislng from thr 
seqLtential monitoring of the loss nf deoxyrikse from the MH’ 
ion of 63 pg uf Each of the four adducts in the injected mixture. 
0.01 M NH@Ac buffer adjusted to pH 3.7 with acetic acid. 
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Conclusions 
The data shown demonstrate the utility of the CE- 
CFFAB mass spectrometry technique for the low-level 
characterization of standard adduct mixtures. Tandem 
mass spectrometry is capable of providing low nano- 
gram detection of unknown adducts by constant neu- 
tral loss scanning, while multiple reaction monitoring 
data show low picogram limits for the detection of 
target adducts. (Unfortunately, given the small injec- 
tion volumes typically required for good CZE perfor- 
mance, the picogram detection limit achieved in the 
MRM study corresponds to a concentration detection 
limit in the mid 10e5M range. We are currently con- 
sidering the adaptation of techniques which will allow 
for larger volumes of sample to be injected onto the 
CZE column for this application.) The use of an on-line 
separation/mass spectrometry system will allow for 
the detection of trace amounts of DNA adducts in 
mixtures which may be difficult to isolate and collect 
off-line. The results of this study suggest the feasibility 
of conducting these analyses at physiologically signif- 
icant levels in biological matrices. 
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